The serotonergic raphe nuclei are involved in regulating brain states over timescales of minutes and hours. We examined more rapid effects of raphe activation on two classes of principal neurons in the mouse olfactory bulb, mitral and tufted cells, which send olfactory information to distinct targets. Brief stimulation of the raphe nuclei led to excitation of tufted cells at rest and potentiation of their odor responses. While mitral cells at rest were also excited by raphe activation, their odor responses were bidirectionally modulated, leading to improved pattern separation of odors. In vitro whole-cell recordings revealed that specific optogenetic activation of raphe axons affected bulbar neurons through dual release of serotonin and glutamate. Therefore, the raphe nuclei, in addition to their role in neuromodulation of brain states, are also involved in fast, sub-second top-down modulation similar to cortical feedback. This modulation can selectively and differentially sensitize or decorrelate distinct output channels. npg npg
a r t I C l e S Information processing in the brain is modulated by the state of the animal. Endogenous neuromodulators such as serotonin (5-hydroxytryptamine or 5-HT), acetylcholine and norepinephrine are differentially released in a state-dependent manner and alter the function of neural circuits by modifying the properties of neurons and synapses 1,2 . The serotonergic system is of particular interest because it has been linked to a wide variety of brain functions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . 5-HT is released by neuronal populations in raphe nuclei in the brainstem, which project throughout the brain 11 and activate a wide range of signaling pathways in a diverse array of neurons 11, 13 .
Although most studies on the serotonergic system have focused on the timescale of mood (hours to days), raphe neuron activity can also be modulated at sub-second time scales 5, 14, 15 , allowing it to have a dynamic impact on ongoing behavior. Earlier studies have examined serotonergic modulation using exogenous application of agonists 6, 8, 9, 16 . Recent advances in optogenetics allow the study of fast and direct effects of transmitter release from raphe axons, allowing spatial and temporal specificity. Furthermore, one can also investigate the role of neurotransmitters other than 5-HT that are potentially released by raphe axons, particularly glutamate 5, 17, 18 .
The serotonergic system is thought to modulate sensory processing 8 , including that in the olfactory system 6, 9 , but the exact nature of such modulation remains unclear. The olfactory bulb (OB) receives odor information from the nose and is the first synaptic processing station in the olfactory system 19 . Incoming information is processed by several types of neurons and sent to multiple brain regions via the axons of mitral and tufted cells (MCs and TCs) 19, 20 . TCs and MCs project to divergent downstream targets and carry distinct information 19, 21, 22 . The raphe nuclei send dense projections to the olfactory bulb (OB) 23, 24 and can affect incoming information at the first synapse in the input layer 9 . In vitro, 5-HT can excite external tufted cells (ETCs) 25 and can elicit both inhibition and excitation in MCs 26 . How activation of the raphe nuclei affects information leaving the OB under native conditions has remained unknown. Here we have used optogenetics, optophysiology and electrophysiology to investigate how the activation of the raphe nuclei modulates the OB output at fast times scales in vivo. In particular, since the activity of neurons in raphe nuclei can fluctuate with behavior over sub-second time scales 5, 14, 15, 27 , we set out to explore how brief increases in the activity of raphe neurons can alter early olfactory processing.
RESULTS

Modulation of OB principal neurons at rest
We imaged, using multiphoton microscopy, the responses of MCs and TCs to brief activation of the raphe (Fig. 1) . MCs and TCs were labeled with calcium indicator GCaMP6s (ref. 28) in the Tbx21-Cre (T-box 21, also called Tbet) mouse line 29 , in which Cre recombinase is specifically and exclusively expressed in principal cells of the OB. The indicator was expressed by injection of AAV2.9 virus carrying GCaMP6s into the OBs of Tbx21-Cre mice (see Online Methods and Supplementary Fig. 1 ). Two to 6 weeks after virus injection, mice were anesthetized and cranial windows were placed over the hindbrain and over the OBs (to image TCs and MCs). Placement of the stimulating electrode (see Online Methods) was validated with post hoc histology (Fig. 1a) . The in vivo experiments were performed in anesthetized mice unless stated otherwise.
Since the raphe nuclei are known to be involved in the regulation of breathing 12 , we first examined whether the breathing rate was altered by brief stimulation of raphe. At the stimulation parameters used for the experiments in this study (three 1-ms pulses at 10 Hz), no change in breathing rate was apparent (Fig. 1b,c) . This indicates that modulation of MCs and TCs in our experiments was not caused by changes in breathing rate, which could alter how odors are sampled by mice and the dynamics of OB circuits 30 .
We identified TCs and MCs (Fig. 1d,g) on the basis of the depth at which their somata were located and their morphology (see Online a r t I C l e S Methods and Supplementary Fig. 1 ). Brief stimulation of raphe evoked robust, repeatable excitation in single TCs from rest ( Fig. 1e) and across a population of TCs (Fig. 1f) . Although the excitation was large in many cells, other cells in the same region were not affected by raphe activation. The average fractional fluorescence increase was 7.2 ± 0.72% (s.e.m.; Fig. 1f ; 288 cells from 12 animals, median change of 2.87%), which was significantly different from zero (P = 9.80 × 10 −29 , Wilcoxon signed-rank).
We next examined the effects of raphe stimulation on MCs (Fig. 1g) . Many, but not all, MCs were excited by brief raphe activation (Fig. 1h) . The average fractional fluorescence increase in MCs was 5.1 ± 0.91% ( Fig. 1i ; 238 cells from 13 animals, median change of 2.24%), which was significantly different from zero (P = 4.68 × 10 −10 , Wilcoxon signedrank) and also significantly lower than that in TCs (P = 3.6 × 10 −5 , Wilcoxon rank-sum). These results indicate that brief stimulation of raphe leads to fast excitation in both TCs and MCs at rest, which was surprising given the prior expectation of slow effects by neuromodulatory systems.
Modulation of TC odor responses
Since raphe stimulation excited TCs at rest, we hypothesized that this excitation would affect odor responses. To test this hypothesis, we imaged odor-evoked responses in TCs ( Fig. 2a,b ) with and without raphe stimulation (three 1-ms pulses at 10 Hz delivered 1 s into odor presentation). Two to 6 odors were chosen from a panel of 25 odors ( Supplementary Fig. 2 ) on the basis of a quick screen of responses for the collection of imaged cells in each experiment. Odors typically elicited fluorescence increases in TCs (Fig. 2b,c) , which tended to be of larger amplitude when paired with raphe activation (Fig. 2b,c) . We rank ordered each cell's odor tuning profile on the basis of the average odor response in the absence of raphe stimulation and then compared them to the odor tuning profile with raphe activation (Fig. 2d) . Results from an exemplar experiment for 62 cells and 6 odors illustrate that there is an overall enhancement of odor responses with raphe stimulation ( Fig. 2c,d) . To quantify the effects of raphe modulation further, we calculated the number of odors to which individual cells responded under different experimental conditions. Within-cell comparison indicated that TCs generally responded to more odors with raphe stimulation ( Fig. 2e ; mean change of 2.4 ± 0.06 and median increase of 2 odors; significantly different from zero, P = 7.50 × 10 −13 , Wilcoxon signedrank). These results indicate that the tuning widths of TCs, which a r t I C l e S are broad to begin with 31, 32 , tend to be further broadened by raphe activation. The enhancement in odor responses (916 of 1087 cell-odor pairs showed significant increase; see Online Methods) and increase in the number of odors eliciting responses were robust ( Fig. 2e ) and consistent across experiments ( Fig. 2e ,f, bottom; mean change of 2.9 ± 0.04 and median increase of 3 odors, 6 animals, significantly different from 0, P = 1.68 × 10 −10 , Wilcoxon signed-rank). We observed notable diversity in the effects of raphe stimulation on the odor responses of TCs (Fig. 2b,c,g) . Odor responses were differentially modulated in different TCs, (Fig. 2b,c,g) , and even in the same cell raphe stimulation had distinct effects on responses to different odors ( Fig. 2b-d and Supplementary Fig. 3 ). We next asked what might predict the TC odor responses in the presence of raphe stimulation by performing four different types of regression analysis on the data (see Online Methods). Neither raphe responses nor odor responses in isolation predicted TC responses to concurrent odor and raphe stimulation (R 2 = 0.10 and R 2 = 0.66 respectively for raphe and odor stimulation, Fig. 2g a r t I C l e S both raphe and odor responses as variables performed much better (R 2 = 0.79). Furthermore, a regression model that also included a term for interaction between the raphe and odor responses (interactive regression model) performed the best (R 2 = 0.88; Fig. 2h ). The four-parameter fit was better than the three parameter fit according to goodness of fit measures (P = 1.29 × 10 −21 , F test, Supplementary  Fig. 3 ). We also found that this predictive model was consistent across odors ( Fig. 2i) , as well across animals ( Fig. 2j) .
Previous experiments indicated that strong electrical stimulation of the raphe reduce odor-evoked responses in olfactory sensory axons (OSNs) 9 . Using a mouse line in which the genetically encoded calcium indicator GCaMP3 is expressed exclusively in OSNs, we found that brief stimulation of the raphe (three 1-ms pulses at 10 Hz) did not alter odor-evoked responses in the sensory inputs ( Supplementary  Fig. 4) . These data suggest that raphe inputs to the OB provide a means of sensitizing TCs, increasing the probability of TCs responding to odors and also enhancing existing odor responses of TCs.
Modulation of MC odor responses
We next explored how MC odor responses are modulated by raphe activation using GCaMP6s to image their odor-evoked responses ( Fig. 3a,b) . Surprisingly, MC odor responses could be both suppressed and enhanced by raphe activation (Fig. 3b,c ; 770 of 1,050 cell-odor pairs showed significant modulation; see Online Methods). The double rank-ordered plots indicate that some odor responses increased while others decreased, and that this was not stereotyped within a cell ( Fig. 3d) or within an odor. Notably, pairwise comparison of individual MCs with and without raphe activation indicated a broad range of changes, including both increase and decrease in the number of odors that evoke responses ( Fig. 3e, top) , but with no systematic change across the population ( Fig. 3e ; mean change in the number of odors was 0.1 ± 0.08 and median change of 0, not significantly different from 0, P = 0.61 for n = 47 cells, Wilcoxon signed-rank) and these results were consistent across animals ( Fig. 3e , mean change in the number of odors was 0.0 ± 0.04, median change of 0, not significantly different from 0, P = 0.85 for 1,050 cells from 7 animals, Wilcoxon signed-rank). In contrast to TCs ( Fig. 2e,f) , the number of odors that activated a given MC was the same, on average, with and without raphe activation (Fig. 3e) , and there was no systematic increase in the responses of MCs ( Fig. 3f ; P = 0.9 for 1,050 cells from 7 animals, Wilcoxon signed-rank). The bidirectional nature of MC modulation is, therefore, distinct from the pattern of TC modulation.
The modulation of MCs showed remarkable diversity ( Fig. 3g) , dependent on the cell identity as well as odor identity. We asked whether the regression analysis we performed for TCs would also be able to predict MC enhancement or suppression. We found that even the interactive model was poor at predicting the modulation of MC odor responses in presence of raphe stimulation (Fig. 3h) . These data indicate that MC odor responses are bidirectionally modulated by brief raphe activation, and this modulation is dissimilar to that measured in TCs.
Selective stimulation of raphe axons
The effects reported above involved electrical stimulation of the raphe nucleus. To confirm that these effects were due to specific excitation of the raphe nuclei, we turned to a transgenic mouse line (TPH2-ChR2-YFP) in which channelrhodopsin-2 (ChR2) is expressed specifically in serotonergic neurons 33 . These neurons and axons can be selectively activated using light stimulation in the raphe or the OB. We confirmed that raphe projections were found throughout the different layers of the OB using the fluorescence of YFP, which is coexpressed with ChR2 ( Fig. 4a and Supplementary Fig. 5 ).
We recorded from single putative MCs or TCs (M/TCs) on the dorsal surface of the OB using tungsten electrodes and stimulated raphe axons with blue light (three 10-ms pulses at 10 Hz, 15 mW/mm 2 of power). Brief and specific activation of raphe fibers increased the firing rates in the recorded units ( Fig. 4b,c ; n = 17 units). This excitation was not due to nonspecific effects such as light-induced heating, since none of the 8 cells recorded from wild-type animals were significantly modulated (data not shown).
To compare the optical and electrical stimulation more directly, we recorded from M/TCs as described above and also inserted a bipolar stimulating electrode into raphe nucleus. Fast excitation was elicited by both optogenetic activation and electrical stimulation ( Fig. 4d , left), although the time courses differed. Notably, 3 of the 9 cells that were significantly modulated by electrical activation of raphe were also significantly modulated by optogenetic stimulation (Fig. 4d , right). On average, the firing rate increased 20-fold (± 12) and 40-fold (± 28) from baseline, with optogenetic stimulation and electrical stimulation, respectively.
To further characterize the effects of optical stimulation of the raphe on OB principal neurons, we labeled neurons in the OB with GCaMP6s using a nonconditional AAV2.9 virus injected in TPH2-ChR2 mice (see Online Methods). This strategy led to labeling of many cell types in the OB, with fewer labeled TCs and MCs than when using the flex virus in Tbx21-Cre animals, but these principal cells could be readily identified on the basis of their morphology and depth. To stimulate raphe neurons optically, we implanted an optical fiber in the raphe nucleus of these animals (see Online Methods). We imaged the activity of both MCs and TCs during optogenetic activation of raphe, with and without odor stimulation ( Fig. 4e,h) . As with electrical stimulation (Fig. 2c) , we found that the TC odor responses were potentiated by brief raphe activation ( Fig. 4e-g ; 96 of 144 cell-odor pairs from 3 animals showed significant potentiation), with a mean change of 27.53 ± 2.3% (P = 1.2 × 10 −23 , Wilcoxon signed-rank test, median change of 20.82%), whereas the modulation in MC odor responses was bidirectional (41 of 64 cell-odor pairs from 2 animals showed significant modulation; Fig. 4h -j; mean 1.69 ± 3.9% and median change of 1.29%; see Online Methods). These data suggest that the distinct modulatory effects on the two principal neuronal populations of the OB are due to specific activation of serotonergic neurons in the raphe.
Activation of raphe axons modulates TC activity in vitro
The distinct and differential modulation of TC and MC network prompted us to explore the cellular and synaptic mechanisms underlying these effects using acute OB slices and whole-cell patch-clamp recordings 34 . We first measured synaptic responses of TCs to raphe inputs in slices from the TPH2-ChR2-YFP mouse. A patch pipette was targeted to TCs in the external plexiform layer (Fig. 5a) , and excitatory and inhibitory currents were recorded under voltage clamp at −70 mV and 0 mV, respectively.
Blue light stimulation (three 10-ms pulses at 10 Hz) elicited both inhibitory and excitatory currents in TCs (Fig. 5b) . Excitatory and inhibitory currents were asynchronous and lasted for hundreds of milliseconds ( Fig. 5b, right) . We quantified both excitatory and inhibitory events by calculating the total charge transferred at −70 mV and 0 mV ( Fig. 5c,d) . Excitatory events were initiated quickly and inhibitory events were delayed, as judged by the time points at which the light-stimulated traces diverge from control traces (Fig. 5c) We used pharmacological manipulations to uncover the molecular basis of light-evoked responses in TCs. Surprisingly, methysergide (50 µM), a broad-spectrum 5-HT receptor antagonist, led to increased excitation onto TCs (143.82 ± 2.52% of the no-drug control, P = 5.01 × 10 −4 , Wilcoxon rank-sum test, n = 8 cells; Fig. 5e , left), rather than blocking the effect. Methysergide also reduced light-evoked inhibitory currents measured at 0 mV (70.83 ± 14.76% of no-drug control, P = 3.92 × 10 −3 , Wilcoxon rank-sum test, n = 8 cells; Fig. 5e, right) . By contrast, raphe excitation onto TCs was blocked by ionotropic glutamate receptor blockers (50 µM AP5 and 20 µM CNQX, P = 7.61 × 10 -29 , Wilcoxon rank-sum test, n = 7 cells; Fig. 5e ) and part of the inhibition was also blocked by these drugs (39.10 ± 5.31% of no-drug control, P = 2.10 × 10 −7 , Wilcoxon rank-sum test, n = 7 cells; Fig. 5e ). Together, these results suggest that both glutamate and 5-HT release contribute to the modulation of electrical activity in TCs. Light-induced TC excitation was increased by application of a GABA A receptor blocker, 20 µM gabazine (128.74 ± 9.68% of no-drug control, P = 2.0 × 10 −3 , Wilcoxon rank-sum test, n = 6 cells; Fig. 5e ), and inhibition was blocked (2.58 ± 1.30% of no-drug control, P = 1.92 × 10 −21 , Wilcoxon ranksum test, n = 6 cells; Fig. 5e ).
To explore the effect of raphe axon activation on the spiking activity of TCs, we recorded from TCs in current-clamp mode (Fig. 5f) and promoted spike firing by injecting different amounts of current while probing with blue light 500 ms after the onset of the current step. TC firing rates were potentiated by light stimulation across all current injections ( Fig. 5g,h; 50.15 ± 8.95%, P = 1.21 × 10 −3 , Wilcoxon ranksum test, n = 5 cells), mimicking the potentiation in odor responses recorded in vivo (Fig. 2b) . Potentiation of TC firing rate was blocked by ionotropic glutamate receptor blockers (50 µM AP5 and 20 µM CNQX, P = 1.43 × 10 −8 , Wilcoxon rank-sum test, n = 5 cells; Fig. 5g,h) , which also uncovered an inhibitory modulation by raphe axons (Fig. 5g,h ; −8.01 ± 4% in presence of AP5 and CNQX compared to no-drug control, P = 1.43 × 10 −8 , Wilcoxon rank-sum test, n = 5 cells). Notably, blocking 5-HT receptors (116.15 ± 15% of no-drug control, P = 0.072, n = 5 cells) or GABA A receptors (133.60 ± 14.10% of nodrug control, P = 0.068, n = 5 cells; Fig. 5g,h) increased the degree of potentiation. Firing rates also increased for TCs at rest (4.38 ± 0.48 Hz, P = 9.21 × 10 −3 , Wilcoxon rank-sum test, n = 5 cells; Fig. 5f,g) , which a r t I C l e S was similar to the effect of raphe stimulation on basal fluorescence of TCs in vivo ( Fig. 1d-f ). This excitation was blocked by AP5 and CNQX (P = 1.44 × 10 −6 , Wilcoxon rank-sum test, n = 5 cells; Fig. 5h ), but was increased by both methysergide and gabazine (168.91 ± 56.21% and 173.45 ± 43.81% compared to no-drug control, respectively; P = 2.74 × 10 −4 and 1.90 × 10 −5 , respectively; Wilcoxon rank-sum test, n = 5 cells; Fig. 5h ).
Together, these data indicate that optogenetic activation of raphe axons elicited large excitatory currents in TCs both at rest and when they were active. In addition to this excitation primarily driven by glutamate, there was an inhibitory component driven through 5-HT receptors and local GABAergic circuits in the OB.
Activation of raphe axons modulates MC activity in vitro
We next asked how raphe modulation of MC firing compares with that of TCs by recording from MCs in vitro (Fig. 6a,b) . As in our in vivo results ( Fig. 1g-i) , MCs were activated from rest by light ( Fig. 6c ; increase of 10.01 ± 3.32 Hz, P = 2.0 × 10 −3 , Wilcoxon rank-sum test, n = 7 cells from 4 animals), but were bidirectionally modulated by light when they were induced to fire spikes through current injection (Fig. 6b,c) . This effect contrasts with that on TCs, which were uniformly potentiated by light stimulation of raphe axons (Fig. 5g) .
Individual MCs could be either potentiated or inhibited, and there was no systematic dependence on firing rate (Fig. 6b) . Furthermore, we found that the excitation-to-inhibition ratio (see Online Methods) for MCs varied significantly more ( Fig. 6d,e ) than that of TCs (mean 0.08 and 0.11 and s.d. 0.065 and 0.092 for TCs and MCs respectively).
Application of methysergide largely blocked the inhibitory MC modulation (Fig. 6f) , resulting in an overall potentiation of firing rate (201.58 ± 9.20% of the no-drug condition, P = 1.1 × 10 −19 , Wilcoxon rank-sum test, n = 5 cells from 3 animals; Fig. 6g ). Conversely, application of AP5 and CNQX blocked the excitatory effect ( Fig. 6f) , with a net reduction of firing rate (−29.88 ± 15.42% of no-drug condition, P = 7.2 × 10 −31 , Wilcoxon rank-sum test, n = 5 cells; Fig. 6g ). This indicates that, as measured in TCs, 5-HT had an inhibitory effect, while glutamate was responsible for the excitatory effect. In fact, 5-HT appears to have a greater inhibitory effect in MCs (Fig. 6g) than TCs (Fig. 5h,  right) . Some of the inhibitory effects were also mediated by GABA A receptors, as gabazine increased the firing rates (147.14 ± 11.38% of no-drug control, P = 8.79 × 10 −3 , Wilcoxon rank-sum test, n = 5 cells; Fig. 6f,g) . MC recordings in vitro strongly corroborated the effects on MC odor responses observed in vivo (Fig. 3b,c) , with single MCs in vitro exhibiting both excitation and inhibition of their firing rates. Whether modulation was excitatory or inhibitory depended on firing npg a r t I C l e S rate for each MC, but the crossover point, where modulation shifted from inhibition to excitation or vice versa, varied from cell to cell (Fig. 6b) . This complexity and lack of predictability of MC modulation may be attributable to network effects and the increased lateral inhibition on MCs as compared to TCs, and perhaps also to the cell to cell variability in 5-HT receptor expression ( Supplementary Fig. 1) . In summary, unlike TCs, whose firing rates were potentiated by raphe inputs, MCs had firing rates that were bidirectionally modulated, as was documented in vivo.
External tufted cells receive fast inputs from raphe axons
Although MCs and TCs both exhibited fast effects from raphe axon activation, the timing of the light-evoked currents strongly suggested polysynaptic pathways for these effects (Figs. 5b and 6d) . Therefore, we sought to identify the cell type in the OB that receives direct synaptic inputs from raphe terminals and could account for the excitatory effects recorded in MCs and TCs. We hypothesized that these recipients could be external tufted cells (ETCs), which reside at the base of the glomerular layer and possess a single dendrite that projects into a nearby glomerulus (Fig. 7a) . ETCs receive direct inputs from OSNs and release glutamate to excite MCs and TCs at the same glomerulus 35, 36 . Moreover, ETCs express 5-HT receptors and have been shown to be sensitive to pharmacological application of 5-HT 25, 26 . In addition, the glomerular layer has denser innervation of raphe axons (Supplementary Fig. 5 ) than other layers in the olfactory bulb 23 .
Whole-cell recordings from ETCs (Fig. 7a) revealed light-activated excitatory postsynaptic currents (EPSCs) aligned closely with each light pulse (Fig. 7b,c; npg a r t I C l e S EPSCs were blocked by AP5 and CNQX (data not shown), indicating that they are glutamatergic. The EPSCs were reliable (8% failure rate) and had an average latency of 4.39 ± 0.39 ms (median latency of 3.1 ms) after the onset of blue light (Fig. 7b,d) . This timing is congruent with monosynaptic input from raphe axons onto ETCs and is similar to that of OSNs 35, 36 Fig. 7b,d) . These data suggest that ETCs receive direct excitatory, glutamatergic input from raphe axons and that they, in turn, activate glomerular networks, leading to the excitatory and inhibitory currents observed in TCs and MCs.
Raphe inputs differentially affect MC and TC coding
The OB is the first station in the brain for olfactory processing, and ensembles of MCs and TCs send different odor information from the OB to different regions of the brain 19, 22 . Given that both TCs and MCs are strongly modulated by brief activation of raphe projections, we next explored how the raphe-mediated modulation of odor responses influences the coding strategies of these cells.
One potential way to enhance the discriminability of different odors by the downstream circuit is to increase the linear separability of patterns of activity of the bulbar output neurons 37 . To elucidate the changes in separability, we performed an unbiased analysis of correlations across odors using principal component analysis (PCA). For each of our in vivo calcium imaging experiments in which at least three odors were used (eight imaged fields of view for TCs and seven for MCs), we visualized the responses for all odor trials (Fig. 8a,b) in PC space (Fig. 8c,d) . We quantified the distance between odor response npg a r t I C l e S profiles in PC space using a Euclidean metric (see Online Methods). We first confirmed that the distance between repeat trials for the same odor, a measure of trial-to-trial variability of population responses, did not change between the two experimental conditions (Fig. 8c,d) .
The mean inter-trial Euclidean distance for TC responses was similar without and with raphe stimulation (0.86 versus 0.88, P = 0.84, for n = 8 animals, Wilcoxon rank-sum test; Fig. 8c ). Similar results were obtained for MC responses (0.74 versus 0.72, P = 0.76, for n = 7 animals, Wilcoxon rank-sum test; Fig. 8d) , indicating that the reliability of responses was not altered by raphe stimulation for either cell type. Raphe stimulation, however, induced significant changes in the Euclidean distances between representations of different odors (Fig. 8e-j) . Inter-odor separation of TC responses significantly decreased in seven of eight experiments (P < 0.05, Wilcoxon rank-sum test), indicating that TC odor responses became more similar with raphe activation (Fig. 8g,i) . Conversely, MC odor responses moved farther apart in PC space when the raphe was activated (Fig. 8h,j) .
Five of seven experiments with MCs ( Fig. 8j ) showed significantly increased separation (P < 0.05, Wilcoxon rank-sum test). We also found that the inter-odor distances for TCs were smaller (2.86 ± 0.05 for 764 odor pair comparisons; P = 1.31 × 10 −3 , Wilcoxon rank-sum test) than those for MCs (3.54 ± 0.02 for 584 odor pair comparisons) for odor stimulation in the absence of raphe activation, as in previous studies 31 . We obtained similar results when we used cross-correlation as a measure of similarity between the odors responses ( Fig. 8e-j) .
With raphe stimulation, the correlation between odor responses increased for TCs (P = 2.16 × 10 −7 , Wilcoxon rank-sum test, Fig. 8e,g) and decreased for MCs (P = 7.8 × 10 −4 , Wilcoxon rank-sum test, Fig. 8f,h) . This analysis indicates that raphe activation leads to increased pattern separation in MC odor codes and increased similarity of odor representation in TCs.
DISCUSSION
We have shown that raphe inputs to the OB influence odor coding on a sub-second timescale. Although TCs and MCs at rest were excited by brief activation of raphe nuclei, odor responses were generally potentiated in TCs but bidirectionally modulated in MCs. In vitro optogenetic experiments revealed modulation of TCs and MCs through both 5-HT and glutamate release from raphe terminals. The net effect of raphe activation was a differential modulation of TC and MC activity, with sensitization of TC odor responses and decorrelation of MC population responses to different odors.
Specificity of raphe stimulation
We ascertained the specificity of activation of raphe neurons using optogenetic methods. First, we confirmed that specific optical stimulation of serotonergic raphe neurons 33 produced effects that matched electrical stimulation of the raphe in the same M/TCs. Second, we confirmed the location of the electrode tip in all experiments. Third, direct optogenetic stimulation of raphe neurons resulted in modulation of MC and TC calcium responses that matched those produced by electrical stimulation of the raphe. Fourth, the results of our in vivo experiments matched the in vitro experiments (where specific optical stimulation was used exclusively): TC activity was always potentiated but MC activity was modulated in a bidirectional manner. These arguments strongly support the specificity of raphe stimulation. All the data presented above were from anesthetized animals, which afforded better control, reduced variability and minimized contributions from other neuromodulatory systems. We acknowledge, however, that anesthesia alters many aspects of neuronal and synaptic function, as well as the baseline activity of raphe neurons 11 . Although extensive future studies in awake behaving animals are necessary to compare raphe modulation of OB function in different behavioral states, our preliminary experiments in awake mice have confirmed the key results on TC and MC modulation by raphe stimulation (Supplementary Fig. 6 ).
Rapid effects mediated by glutamate
Serotonergic signaling is important on timescales that vary from seconds to hours. It is implicated in the evaluation of punishment and reward on short time scales 4, 5, 14 , control of breathing and body temperature on the time course of minutes 12 and modulation of mood and brain states on longer time scales 3, 4 . Notably, brief activation of raphe neurons can drive reward behavior 5 , and this fast reward signal appears to be primarily glutamatergic. Slightly longer duration activation can promote patience in subjects 7, 38 . Our current results indicate that brief activation of raphe neurons has robust and diverse effects on early olfactory processing.
Activation of raphe axons led to excitation in principal neurons in the OB, as well as delayed inhibition. Excitation in ETCs occurred at short latencies and was abolished by ionotropic glutamate receptor blockers, suggesting direct release of glutamate from raphe terminals. By contrast, most of the excitation seen in TCs and MCs was delayed and asynchronous, indicative of recurrent excitation within the OB. Previous studies have shown that ETCs excite TCs and MCs through dendritic release of glutamate 35, 36 , offering a plausible mechanism of polysynaptic excitation. 5-HT positive axons have been shown to synapse onto both GABAergic and non-GABAergic targets in the glomerular layer 39 . Inhibitory currents activated by raphe stimulation were also polysynaptic, since they were blocked by glutamatergic blockers. Depolarization of ETCs, and subsequently of TCs and MCs, will likely recruit glomerular layer interneurons and granule cells 19 , which can induce GABAergic currents in principal cells. Whether interneurons are directly excited by raphe axons must await future experiments. The net result of the dual effects on the firing rates of TCs and MCs was complex and is discussed below.
Dual release of 5-HT and glutamate by raphe axons
A key inference from our findings is the dual release of glutamate and 5-HT from raphe terminals. We found evidence for release of 5-HT with brief activation: in both TCs and MCs, methysergide led to a reduction in light-activated inhibition, suggesting that 5-HT had a net inhibitory action on principal neurons. Whether this action is due to direct inhibition through 5-HT1 receptors on principal neurons (Supplementary Fig. 1 ) or through excitation of 5-HT2 receptors on interneurons 25, 26 remains to be studied. Since the effects of raphe axon stimulation were more strongly modulated by glutamatergic blockers, we predict that only modest release of 5-HT is triggered by our brief stimulation.
Previous studies have shown that many of the 5-HT-producing neurons of the raphe also express VGluT3, a vesicular glutamate transporter 5, [40] [41] [42] [43] , which has been detected ultrastructurally in identified serotonergic axons 17 . Glutamate release from raphe fibers was shown to be involved in raphe modulation of behavior 5, 42 and hippocampal activity 18 . In our experiments, optogenetic activation of identified raphe axon terminals in the OB had modulatory effects due to both 5-HT and glutamate, but whether these neurotransmitters are released from the same or distinct synaptic sites and whether the relative amounts of 5-HT and glutamate released is activity dependent 5 remains unclear.
This interplay between glutamate release and 5-HT release could bridge the gap between sensing/behavior and mood/state of being. a r t I C l e S Recent studies have shown that 5-HT modulates the OB or the analogous insect circuit at multiple sites 6, 9, 25, 26 . Previously, our laboratory showed that 5-HT activates inhibitory periglomerular cells in the glomerular layer of the OB that then inhibit incoming olfactory sensory axons, resulting in presynaptic inhibition 9 . In these earlier experiments, the raphe was activated for many minutes and 5-HT receptor antagonists blocked the effect, whereas in the experiments described here brief raphe stimulation did not alter glomerular input (Supplementary Fig. 4) .
These differences indicate that the modulatory effects of raphe projections are dependent on the timescale and degree of activity. Notably, the rapid effects of raphe activation on TCs and MCs are similar to the actions of cortical feedback to the OB 44 , blurring the distinction between neuromodulation and ongoing computation.
Differential modulation of TCs and MCs
An unexpected finding from our experiments is that MCs and TCs were differentially modulated by brief activation of raphe inputs. MCs and TCs are the two main types of principal neurons in the OB, and they differ both anatomically and functionally. Their somata reside in different layers of the olfactory bulb circuit 19 , and their downstream targets also diverge 19, 20, 22 . TCs send axons to more anterior targets, while MCs project to both anterior and posterior olfactory cortical areas 19 . Functionally, TCs are intrinsically more excitable 45 and respond to a wider range of odors and concentrations than MCs 31, 32, 46 .
Our experiments show that these two subtypes of cells also differ in the way they are modulated by raphe inputs. We have focused on timeaveraged activity in this study, leaving open potential differences in the raphe effects on temporal dynamics of TC and MC activity. It is clear that neuromodulators are important in olfactory processing 9,47-49 , but our study is, to our knowledge, the first to show that neuromodulators can differentially affect MCs and TCs. MC responses tend to be more decorrelated than those of TCs, and brief raphe inputs drove these two subtypes even farther apart: TC odor responses became more correlated while MC odor responses were further decorrelated. Although both cell types received light-triggered excitation as well as inhibition, the overall effect on TCs was invariably excitatory. This could be because excitation arrives earlier in TCs and inhibition is weaker and rarely occurs without earlier excitation. One possible circuit mechanism for this effect might be weaker lateral inhibition on TCs, with most inhibition arising from the intraglomerular circuits. By contrast, each MC appeared to receive a distinct balance of excitation and inhibition, such that the net effect of firing could be in either direction. Perhaps MC inhibition can also occur without much excitation as a result of more robust interglomerular lateral connections. Interestingly, different raphe nuclei may preferentially target distinct layers of the OB 24 , offering another potential source of differential effects on OB neurons. This differential modulation of TCs and MCs may be behaviorally relevant for animals to both detect and identify stimuli. The sensitization of TCs may lead to more efficient detection of behaviorally relevant stimuli in anterior olfactory cortex, while the decorrelation of MC representation could lead to increased accuracy in identification of odors in more distal cortical areas. The synergy of these two modulatory effects could lead to improved encoding of the olfactory world.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
Raw fluorescence time course was calculated from each region of interest. Fluorescence changes were expressed as a fraction of the baseline fluorescence, or ∆F/F 0 , where F 0 was the average fluorescence over the 5 s preceding odor onset or raphe stimulation onset, in odor and baseline trials, respectively. Average integrated odor responses were calculated over a 7-s window starting at odor onset for odor trials and stimulation onset for baseline activation trials. To determine the number of odors to which single neurons responded, we used a threshold value of 3.0 × the s.d. of the same 7 s from blank (no odor, no stimulation) trials, and the same criterion was also used to determine the number of cells that showed significant modulation in their responses.
Regression analysis. We performed the following single-variable or multivariable regression analysis for predicting neuronal responses to the combined effect of odor and raphe stimuli.
Single-variable linear regression:
where y is the predicted response of a given neuron to odor delivery in presence of raphe activation, x 1 is the response of the same neuron to either odor input or raphe stimulation, β 1 is a constant and β 2 is the weight for the odor or raphe stimulation.
Multi-variable linear regression:
where y is the predicted response of a given neuron to odor delivery in presence of raphe activation, x 1 is the response of the same neuron to odor stimulus, x 2 is the response of the same neuron to raphe stimulation, β 1 is a constant term, and β 2 and β 3 are weights for the odor and raphe stimulations respectively. Interactive regression model: where, in addition to the terms described for the multi-variable linear regression model, we include a term for interaction between x 1 and x 2 with a weight of β 4. In addition, residuals were calculated as the difference between the predicted values and the observed values. We also performed F-statistics on the coefficients/ weights to determine if they were significant.
Distance analysis. Experiments with three or more odors were used to analyze the effect of raphe modulation on the odor-evoked population activity patterns in MCs and TCs. For every experiment, the integrated responses from the odor-only trials and those on which odor was paired with raphe activation were pooled to calculate the covariance matrix. The first three principal components (accounting for ≥90% of the variance) were used to project the individual odor responses onto a three-dimensional space. The intra-odor distance in the PCA space was calculated as the mean pairwise distance between the vectors belonging to the same odor under same conditions (odor only or odor paired with raphe activation) across different trials. In other words, we compared responses across multiple trials under equivalent conditions. Pairwise distance was calculated as where o is odor identity and x and y are projections of individual trials for same conditions in first three principal components. The inter-odor distance was calculated as the mean pairwise distance between the vectors for different odors under the same condition (odor alone or odor plus raphe activation), normalized by the square root of products of intra-odor distances for the odors involved.
Statistics. Non-parametric statistical tests were used. No assumption of normality of data was made. A Wilcoxon signed-rank test was used for repeated measurements of the same cell and also for the paired data sets. A Wilcoxon rank-sum test was used for comparing all unpaired non-normal distributions. Between 2 and13 animals per experiment were used. Effort was made to minimize the number of animals used and to obtain the maximum data per animal. The number of animals used and number of trials or repetitions done per animal were large enough to obtain a strong data set with statistical power and are congruent with previously published studies. F statistics were used to evaluate the goodness of fit for regression analysis. Variance within a group was described as s.e.m.
No blinding was done and subjects were not randomized, but the individual trials were randomized in a given experiment. Pseudorandom sequences were generated using Matlab and were used to control the identity of individual trials.
A Supplementary methods checklist is available.
